ANNALES 


UNIVERSITATIS MARIAE CURIE-SKLODOWSKA 


LUBLIN—POLONIA 


VOL. XL/XLI, 19 SECTIO AAA 1985/1986 


Dipartimento di Fisica 
Università di Trento 


F. IACHELLO 


Octupole Degrees of Freedom in Nuclei 
Oktupolowe stopnie swobody w jadrach 


OxTyroHble cremenn CBObOXBI B ARpax 


1. INTRODUCTION 


Octupole degrees of freedom in nuclei have been the 
subject of many investigations. They were introduced by Bohr 
and Mottelson [1] within the context of a description of 
collective states in nuclei in terms of shape variables. Some 
of their properties were subsequently investigated by Strutin- 
Ski [2] and Lipas and Davidson [31]. An alternative treatment 
of collective states in nuclei is in terms of interacting 
bosons. Octupole (or f) bosons were introduced in Refs.[4,5] 
and their properties studied in Ref.[6] and, more recently, by 
Han et, al [71, Barfield [81] and Engel [9]. Szpikowski, 
together with Góźdź and Zajgc [10), analyzed other aspects of 
the same problem and discussed in detail the spectra expected 
in some situations. 


All the references mentioned above were concerned mainly 
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with octupole vibrations. Meanwhile, other authors [11] had 
suggested that octupole deformations may occur ín some nuclei. 
This suggestion arose from the study of some properties of 
odd-even nuclei in the Ra region [121]. Although the question 
of whether or not octupole deformations in this region do 
occur is still debated [13], it appears necessary to have a 
framework in which ít can be investigated in a systematic and 
detailed way. 

In constructing models capable of describing sim- 
ultaneously both vibrations and rotations two approaches are 
possible. One is in terms of shape variables. Rohozinski (14) 
and others have developed the appropriate formalism. The other 
is in terms of interacting bosons. Engel [15] has developed 
the appropriate formalism here. In this article, written in 
honor of StanisZav Szpikowski who has contributed considerably 
to the subject, I will summarize the boson formalism and 
comment on the results obtained so far. 


2. INTERACTING BOSON MODEL OF OCTUPOLE STATES 


In previous treatments of this problem [5,6], f bosons 
were introduced in addition to s and d bosons. These can be 
thought of as the quantization of the shape variables a3, 
(u20,21,*2,*53). However, it appears that this introduction is 
not sufficient to describe properly phenomenological (161 and 
microscopic [17] properties of the observed states. It has 
been suggested that a comprehensive treatment requires the 
introduction of both p and f bosons alongside the usual s and 
d. One is thus led to consider a system of N s.p.d and f 
bosons with angular momenta and parities JPz0*,17,2* and 3^ 
respectively. The introduction of p bosons here is somewhat 
similar to that of s bosons in the usual case. On one side 
they facilitate the phenomenological treatment [16] while on 
the other side they are dictated by microscopic considerations 
[17). With s,p.d and f bosons the space spanned by single 
boson states becomes 1+3+5+7=16 dimensional and the corre- 
sponding algebraic structure is that of U(16). The algebra of 
U(16) is rather large since it 1s composed of 162-256 genera- 
tors. À general phenomenological study requires the introduc- 
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tion of many parameters which cannot be determined directly 
from experiments. There are thus two possible alternatives. 
One is to study the structure of the solutions corresponding 
to dynamic symmetries. The other is to do a numerical analysis 
but retaining in the Hamiltonian only those terms which are 
suggested by microscopic considerations. 

I begin by briefly outlining some of the dynamic 
symmetries of U(16). The single boson states contained in this 
model are shown in Fig.1. From microscopic considerations 


ar P JPzi17 Fig.1. Schematic representa- 
tion of the single 

viif JPz3* boson states in U(16). 

eg ——— a JP=2* 

e, ——— s JP-o* 


one expects that in many nuclei the enerqy of p-bosons, Ep’ is 
so large (z4 MeV) that its effects on the low-lying states 
can, in lowest order, be neglected. This corresponds to break- 


ing U(16) into 
U(16) 2 U(13) & U(3) : (2010) 


A model in terms of U(13) was studied by GoZdz, Szpikowski and 
Zajac [10]. If the energy of f-bosons is also large (=2 MeV) 
as conpared with that of s and d bosons (z0.5 MeV), U(13) can 
be further separated into 


U(13) D U(6) @ U(7) : 02:02) 
This is the situation in many nuclei [4-9]. Effects of p- 


bosons can be introduced either by a renormalization of opera- 
tors [6] or explicitly (71. Since U(6), U(7) and U(3) do not 
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have any common subalgebra, except that of O(3), the situation 
corresponding to (2.1)-(2.2) can only be investigated numeri- 
cally; except in ‘the "case in which there Ys "no interaction 
between bosons of different species. This situation is semi- 
realistic only in vibrational nuclei where U(6) can be further 
separated into U(1)9U(5) leading to 


U(16) 3 U(1) @ Ut5) @ U(7) @ 0(3) . (259) 


States here can be characterized by the irreducible repres- 
entations of the various groups appearing in (2.3) and of 


their subgroups, 


U(16) 2 U(3) © U(5) @ 0(7) B U(3) 2 | 


+ + n n | 
N na nr np | 
| 
0(5) G& Q(7) e O,(3) 2 
4 4 + 
Vg: NA Vee Vs Ya Y3 Lp 


04(3) ® Of¢(3) 6 Op(3) D 0(3) D O2) 
+ + + + 


La Le Lage My, (2.4) 


| 
i 
The quantum numbers Nae Vy Vos Yg Lag represent missing labels. 
A simple Hamiltonian with this symmetry is 


gV1B 


- Eo +t egg + eff + tonto . (275) 
which yields an harmonic spectrum 
EVIBIN, na, ng, np Yar Y 17 Yz V3: Lp: Lge Lg Lago Lo Mp) = 
= Eg t €gng + Eng + php à (2.6) 
In (2.5) the energy of s-bosons has been taken as zero and in- 


cluded in Eg. The spectrum of (2.6) is shown in Fig.2. It is 
worthwhile notinq that the total number of labels characteriz- 
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ing the totally symmetric irreducible representations of U(16) 
is 16. 


"t 
44 (MeV) Jm ex de 
4*3*2* 
3. 
3,247 
——6*4*2*0* 
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— 53545352596 
——3- 
1 4*2* ot 
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Fig.2. Vibrational spectrum with s,d,f and p bosons (N-2). 
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It may happen that in some nuclei the energy of p and f 
bosons becomes comparable. This leads to the possibility of 
another dynamic symmetry. This arises from the fact that s and 
d bosons transform as the representation (2,0) of SU(3), while 
p and f bosons transform as the representation (3,0). Indeed a 
situation similar to this is encountered in light nuclei where 
a scheme based on fermion SU(3) is appropriate. It was 
analyzed by Elliott (18] many years ago. The chain of interest 
here is 


U(16) D U(6) & U(10) D SU(3), & SU(3), 3 SU(3) 5 
0(3) D 0(2) , (2970 


where the two SU(3), that generated by s,d bosons and that 
generated by p,f bosons. have been distinguished by the letter 
a and b. The most general Hamiltonian with this symmetry can 
be written as [16] 


BROT = go + agCq(U6) + 5,C2(06) + agC, (010) + BgC2(U10) + 
(2.8) 
+ X4C2(5034) + «,C2(SU3,) + xC2(SU3) + K’C(03)  , 


where I have used the notation of Ref. [191]. The basis states 
for this chain are labelled by the appropriate representations 
of groups in the chain and given by 


1 


U(16) 2 U(6) 8 0(10) 2 SU(3, @  S0(3),2 \ 

4 4 4 4 + \ 

N Na Np (Aa, Ma) Fees gee 
SU(3) 2 013) D 0(2) | 

i i i ] 
w(K L My | (2.9) 


Here 91:27:03: wg 9, K represent missing labels. Although super- 
fluous, I have also included the label NasN-NyQ since it 
appears in the following formula (29510). The energy 
eigenvalues of HROT in the basis (2.9) are given by 
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ROT E. 
E (N, Na; Np dye Ha’ Ape Ups 94579257037 045 Wr As Mo Ko Lo Mp) = 


Eg + aNg + BaNa(Nat5) + aN, + BEN, (5, +9) + 


+ KaC(O S Ha) + kgCO, Mp? + COAL) + K'L(L+1), (2.10) 
where 
Clau) = A? + p2 + Au + 3A 439. (2.11) 


Because of the condition mentioned above that N,=N-N, (con- 
servation of total boson number) one can rewrite (2.10) as 


EROE (yw, HN, AS Hae Abe Hr 91702703: ge Ko Lo Mp) = 
= E'g + a'Np + B'NBS + k,CO ru) + xc) + 
+ KC(A, p) + x'L(L*1) . (2.12) 


The location of the negative parity bands relative to the 
positive parity bands depends here crucially on the values of 
a’ and B’. Microscopic calculations indicate that a'z1 MeV. 
B’=1 MeV. This implies that the lowest configuration is that 
with Nyz0. This configuration is composed of states with posi- 
tive parity. The next highest configuration is that with N,- 

composed of states with negative parity. etc. An analysis of 
the 5U(3) representations (à, u) of (2.9) can be obtained by 
multiplying the representations (A,.u,) by (Ay,up). For Ny-0 
no multiplication is needed, and the values of (Aar Ma)! are 
given by the usual rule [5]. For Ny-1 one must multiply the 
representations (A4,u4) by (3,0). As an example, consider the 
case N-4. Then one obtains the results shown in Table I. The 
spectrum corresponding to (2.13) with appropriately chosen 
parameters is shown in Fig.3. 
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Table I. SU(3) representations (A,u) contained in N-4 of U(16) 
when Ny-20 or 1. 


Na Ny (Au) 


(8,0)(4,2)(0,4)(2,0) 
(9,0)(7,1)(5,2)(3, 3) 
(5,2)(3, 32(1, 4) (4,1) " 
(2, 2)(3,0)(1,1)(0,3) 

(3,0) 


It is interesting and important to note that in Fig.3 there 
are two bands with KP=07, two with KP-1^ and one with kPz27 
and 3 . With only f bosons only one band of each KP appears. 
Furthemore, the representation (5,2) or in general (A=odd, 2) 
contains bands with both KP-0^ and 27. There are several 
nuclei in the rare-earth and actinide region which show close- 
lying bands with J^-07,27. In SU(3) with p and f bosons the 
two bands are expected to be degenerate. With f-bosons only 
one band can be obtained [8]. 

Although a',8'5»0 represents the situation normally ex- 
pected on the basis of microscopic considerations, it could in 
principle happen that a'«0. In this case the minimum of energy 
would occur for N,#0 (i.e. a condensate of octupole-dipole 
bosons leading to deformations). The spectrum corresponding to 
this case is illustrated in Fig.4 of Ref.(161]. This situation 
seems to be unrealistic since it would require that F-pairs be 
more bound than S and D pairs. 

Before considering other, more realistic, situations ít 
is worth noting that U(16) contains another, somewhat unusual 
chain. This is the chain [16] 


J(16) D U(4)4 9 U(4) D Sp(4), @ Sp(4)y D SU(2), 8 SU(2)y = 
0(4) 2 0(3) 2 0(2) ; (2.13) 


As discussed in Ref.[161, the chain (2.13) arises from strong 
dipole-dipole interactions. These are the dominant forces in 
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Fig.3. Schematic representation of the spectrum in the 
SU(3) limit of U(16). Only the lowest lying bands are shown. 


molecules. In nuclei, where the dominant forces are pairing 
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plus quadrupole, the chain (2.14) is quite unlikely to be 


cealized. 
3.REALISTIC HAMILTONIANS 


Dynamic symmetries represent ideal situations that rarely 
occur in practice. In the actual situation, one must resort to 
numerical calculations. Because of the large number of poss- 
ible interactions, a full phenomenological study, keeping all 
possible terms is practically unfeasible. It is thus of inter- 
est to investigate limited parametrizations in which only 
those terms expected to be important from microscopic con- 
siderations are retained. The U(16) Hamiltonian can be written 


as 
Hz Haq * Hoe + Vsd, pf , (3:591) 


where fg represents the part describing s,d bosons, Hoe that 
describing p.f bosons and Ved, pf their interaction. The s.d 
part has been extensively investigated in the past and 
presents no problem. A convenient parametrization is the cons- 
istent-Q formalism of Warner and Casten [20] 


^ ^ 
Heg = eghg + tea lg + "bos AL dw " (3.2) 
where 
^ a E. « 
Qag = (s'«8 + a'xs) (2) 4 4 (a! xà) (2) A (3.3) 


The p-f part should, in principle, be parametrized in a 
similar way. However. since in realistic situations it is ex- 
pected, that the energy of p and f bosons is much larger than 
that of s and d bosons and thus that, in low-lying states, 
only configurations with zero, one and two p-f bosons are im- 
portant, it is sufficient to consider the Hamiltonian 


H se Ap + ehy + B(A pth)? . (3.4) 


pf P 


The important part is the interaction between s,d and pf 
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bosons. This has several contributions: 
(i) the interaction due to the stronq quadrupole-quad- 
rupole force, which can be written in the form 


v? = TELAM P (3.59 
^ ^ 
where QO,q is given by (3.3) and 9pf by 
= (p'xfet'xgy 22 4 ac (p'xpi(2) + are (ext) (2), (3.6) 


^ 
Qpf 


In order to limit the number of parameters, one could take in 
(3.6), the SU(3) values x'--3/3/2/7, x''--/3//2; 

(ii)the interaction due to the weak dipole-dipole and 
octupole-octupole forces. This interaction can be represented 
by a term 


vD abb. (3.7) 
^ 
where the dipole operator D is given by 
^ 
DE- aj (p'xS«s' xg) (2? * p, (d'xB+p'xa) (2? 

+ v, GI adra D ; (3.8) 
Again, in order to reduce the number of parameters. one could 
take in (3.6) the 0(4) values a,-/5, p,--2/2, v4,-47. The main 
effect of the dipole-dipole interaction and, eventually, of an 
octupole-octupole interaction 

^ A 
= BU-U , (3.9) 
with 
^ 
U = agy(s!xfet'xs) O) + patat (9), (3.10) 
is that of mixing states with different numbers of a and b 
bosons. Since the Hamiltonian is a scalar, it can only mix 


states differing by two p,f bosons. If the minimum before the 
introduction of the mixing terms was for N70, the interaction 
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yDD will introduce some admixture in the ground state of N,=2 
states (octupole-dipole correlations). This situation was 
analyzed by Engel in his thesis [15], and appears to describe 
nuclei in the Ra region reasonably well. 

Finally, in cases tn which one wishes to do a calculation 
Spanning an isotopic chain, one may introduce also terms that 
take into account the filling of the shells. These terms, ex- 
change interactions, have been considered in great detail when 
treating the coupling of single particle degrees of freedom to 
s-d bosons, and discussed by Barfield [8] in her analysis of f 
bosons. The structure of the exchange interaction is 


5 
Ag gorse ee tage al y ert nat bape 


3 
+ ECAQU(G'xB) UD (phi O0 4 (3.11) 
2 t t t t i 
eo Ay aa aa pty ep ee e a Ee (eta Ue? 


4. CONCLUSIONS 


Because of its complexity. the study of octupole degrees 
of freedom in nuclei still represents a major challenge to 
nuclear spectroscopy. A completely phenomenological study 
appears to be unfeasible and one must resort to a combination 
of phenomenology and semi-microscopic calculations. I have 
presented here a scheme in which this study can be done. 
Within this scheme and in view of the fact that the dominant 
interactions in nuclei are pairing and quadrupole with small 
dipole and octupole contributions, the most natural scheme to 
treat deformed nuclei appears to be that based on à-Q interac- 
tions (SU(3)-like structure as discussed in Sect.2). With 
these interactions, a situation in which large and rigid 
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octupole.deformations occur seems to be quite unnatural [16). 
A situation likely to occur is that in which some octupole and 
dipole correlations are introduced in low-lying states by 
octupole and dipole interactions (soft deformations). Further 
work is needed to clarify the situation both from the theore- 
tical and experimental point of view. In particular, the cx- 
pecimental determination of more than one negative parity band 
is a crucial ingredient in order to distinguish the various 
possibilities, as discussed in detail in Ref. (16). 
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STRESZCZENIE 


Przedstawiono opis oktupolowych Stopni swobody w ramach 
przybliżenia oddziarujacych bozonów. Grupę U(16) i jej pod- 
grupy zintérpretowano jako możliwe symetrie dynamiczne ukradu 
zawierającego bozony typu s ( = ot), a (le 2i. y TIN 37) 
E. Ge ITHE 


PESUDME 


"Ma3zoxeHo ommcauue OKTyIOJZBHHX CTeNeHeH CBOGOAN B pamkax 
DpHÓJHXeHMa BS8MMOZeliCTByDUMX ÓO30HOR. Tpynnma U(16) um ee 
HoAPpynm: MHTepnpeTMpyHTCA Kak BO3MOXHHe ZMHaMHUecKMe CMMME- 
TpHH CKCTeMH BKJDWaDNOd GOSOHH TANA s (L= O*), a @ = 2*), 
f@=3) Eph: 


